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Gap junction communicationte to the structure and function of the myocardium. However their involvement
in electrophysiological processes remains unclear; particularly in pathological situations when they
proliferate and develop ﬁbrosis. We have identiﬁed the connexins involved in gap junction channels
between ﬁbroblasts from adult mouse heart and characterized their functional coupling. RT-PCR andWestern
blotting results show that mRNA and proteins of connexin40 and connexin43 are expressed in cultured
cardiac ﬁbroblasts, while Cx45 is not detected. Analysis of gap junctional communications established
by these connexins with the gap-FRAP technique demonstrates that ﬁbroblasts are functionally coupled.
The time constant of permeability, k, calculated from the ﬂuorescence recovery curves between cell pairs is
0.066±0.005min−1 (n=65). Diffusion analysis of Lucifer Yellow through gap junction channelswith the scrape-
loading method demonstrates that when they are completely conﬂuent, a majority of ﬁbroblasts are coupled
forming an interconnecting network over a distance of several hundred micrometers. These data show that
cardiacﬁbroblasts express connexin40 and connexin43which are able to establish functional communications
through homo and/or heterotypic junctions to form an extensive coupled cell network. It should then be
interesting to study the conditions to improve efﬁciency of this coupling in pathological conditions.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionWhereas cardiomyocytes (CMs) are the dominant cell type in the
normal heart in respect to volume, cardiac ﬁbroblasts (CFs) constitute
more than the half in number [1]. Although the main role of CFs
consists of synthesizing the extracellular matrix proteins as collagen
and ﬁbronectin to maintain the mechanical scaffold for cardiomyo-
cytes, it is also now well known that they are able to produce
metalloproteinases and growth factors which are involved in the
progression of ventricular remodeling ([2], for review). Moreover, it
has been suggested that interactions between CFs and CMs mediated
via these growth factors and others as cytokines of the Il-6 family,
acting in an autocrine and/or paracrine pathway, could be particularly
implicated in CMs hypertrophy [3,4] and/or modulation of CFs
functions [5,6]. We have recently shown on a model of ventricular
mouse CM/CF coculture that interactions between CMs and CFs
enhanced CM hypertrophy and CF proliferation [7]. We have demon-
strated that interleukin-6 (IL-6) contributed to CM hypertrophy by an
autocrine pathway and to CF proliferation by a paracrine pathway [8].
Fora long time,ﬁbroblastswere considered to bea classic example of
nonexcitable cells. However, theywere shown to be electrically coupled
to each other to form a three dimensional network [9] and even an+33 5 49 45 40 14.
otreau).
l rights reserved.excitable syncytium [10]. This couplingvia gap junctions thenprovides a
way for intercellular signaling as for instance slowly propagation of
calcium waves from cell to cell [11]. It has also been shown that
ﬁbroblasts can be electrically coupled to other cells, including CMs [12].
This electrical coupling between CMs and CFswasﬁrstly reported in cell
culture [13,14] and more recently in intact tissue [15].
This intercellular coupling is maintained by gap junctional
channels that connect neighboring cells and allow electrical and
metabolic communication. These channels are formed by connexin
(Cx) proteins. From the twenty Cx genes identiﬁed in the mouse
genome, Cx40, Cx43 and Cx45 were shown as the major expressed in
the heart [16,17] to constitute homotypic or heteromeric channels
[18]. However, amouse Cx30.2was recently reported highly expressed
in the conduction system of the heart [19] and was shown notably
more adapted to perform electrical rather than metabolic cell-cell
communication [20]. The transcription of Cx40, Cx43 and Cx45 genes
was shown to be developmentally regulated [21]. Cx45 mRNA was
detected in very low abundance in embryonic and adult hearts,
including mouse heart, and its expression preferentially associated
with the ventricular conduction system [22] was shown to be down
regulated during development [23]. Cx40 and Cx43 were reported to
be predominantly expressed in heart and exhibited overlapping (left
ventricle) and complementary (atrium, right ventricle) expression
pattern during mouse heart development [21]. It has also been shown
that Cx40 facilitates Cx43 expressionwhile abundant Cx43 suppresses
Cx40 in the developing myocardium [24]. However, the occurrence of
Table 1
Oligonucleotide primers used for identiﬁcation of connexin transcripts by RT-PCR
Amplication Sequences Melting
temperature
(°C)
Predicted
amplicon
length (bp)
Cx40 sense primer 5′-AAGAAGCCAACTCCAGGGAG-3′ 58 543
Cx40 antisense primer 5′-TCAGAATGGTGCAGACATAGG-3′ 58
Cx43 sense primer 5′-TTGACTTCAGCCTCCAAG-3′ 59 172
Cx43 antisense primer 5′-AATGAACAGCACCGACAGC-3′ 60
Cx45 sense primer 5′-GCCAGAAGAGGATGTTGATTCC-3′ 55 915
Cx45 antisense primer 5′-GTGGACTTGGAAGCCATACAGG-3′ 55
18 S rRNA sense
primer
5′-TTTGATTCTGAAAGCCATGCG-3′ 55 217
18 S rRNA antisene
primer
5′-CCAGTATGTTCTCCAVAGCA-3′ 55
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and a number of studies have clearly shown that Cx40 and Cx43 are
not compatible to form heterotypic junctions, which suggests that in
these conditions excitation transfer between cells occurs through
homotypic Cx40 and Cx43 gap junction channels ([25] for review).
Numerous studies have shown that Cx40, Cx43 and Cx45 are
expressed in characteristic combinations and relative quantities in a
chamber-related, myocyte-type speciﬁc and developmentally regu-
lated manner ([26] for review). So, the specialized cardiomyocytes of
the impulse generation system are distinct from the working
ventricular and atrial cells both in terms of general morphology and
connexin expression proﬁles. The nature of the functional commu-
nications in CF pairs and between CFs and CMs is less clear. From recent
studies it has been found that Cx43 and Cx45 were expressed in
cocultured neonatal rat ventricular CFs and CMs, indicating that gap
junctions involved in electronic interactions between CFs and CMs
were composed of both Cx43 and Cx45 but not of Cx40 [27]. An in situ
immunodetection in rabbit sino-atrial node has revealed that CFs
surrounded by other CFs preferentially express Cx40, whereas CFs
neighboring CMs largely express Cx45 [28]. In addition, this group has
also shown in sheep infarct ventricular tissue expression of Cx43 and
Cx45, but not Cx40with spatially and temporally distinct patterns [29].
Today, ﬁbroblasts are surely themost unrecognized cell population
in the heart. However, increased evidences conﬁrm that they are
important sources and targets of biochemical and electromechanical
signaling pathways. Among the possible researchways to improve our
understanding on cardiac ﬁbroblasts function, we have focused our
study on identiﬁcation and functional characterization of the con-
nexins expressed in ventricular mouse CFs.
2. Methods
2.1. Isolation and culture of adult mouse ventricular myocytes and ﬁbroblasts
Murine CMs and CFs were isolated from adult Swiss mice and maintained in
primary culture as previously described [7]. Brieﬂy, mice (2–4 month old; Janvier, Le
Genest St. Isle, France) were deeply anaesthetized with chloral hydrate (2 g/kg). The
heart was quickly removed via thoracotomy and transferred to a Tyrode solution,
containing (in mM): 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1.8 MgCl2, 10 HEPES, 10 glucose, pH 7.4.
Ventricles were isolated and dissected into small pieces in Ca2+-free KREBS-Ringer
solution containing (in mM): 35 NaCl, 7.75 KCl, 1.18 KH2PO4, 10 HEPES, 10 glucose, 25
NaHCO3, 70 saccharose, pH 7.4, supplemented with 30 mM 2,3-butanedione 2-
monoxime (BDM) and 0.5 mM EGTA. The ventricular tissue was then incubated for
5 min at 37 °C in Ca2+-free KREBS-Ringer solution supplemented with 1% bovine serum
albumin (BSA) (Sigma Chemical Co., MO, USA), 160 IU/ml Collagenase (type V, Sigma)
and 5 IU/ml Protease (type XXIV, Sigma) gassed with 100% O2, followed by 10 min
incubation in the same solution but without protease. This was followed by gentle
stirring of the tissue in modiﬁed Tyrode solution containing (in mM): 130 NaCl, 4.8 KCl,
1.2 KH2PO4, 5 glucose, 25 HEPES, pH 7.4, supplemented with 2% BSA and 0.15 mM EGTA.
Isolated cells were ﬁltered through a nylon ﬁlter (pore size 160 μm) and maintained for
45 min in the same solution for sedimentation; CMs were mainly concentrated in the
pellet and CFs primarily in the supernatant. CMs were then collected and gradually
suspended in M199 medium (Gibco-BRL, Paisley, Scotland) supplemented with 10−7 M
insulin (Sigma), 0.1% BSA, 10% fetal calf serum (Biowest, Nuaille, France) and 1%
antibiotics (100 IU/ml penicillin, 50 IU/ml streptomycin, Sigma). Fibroblasts present in
the supernatant were collected by mild centrifugation (40 g, 10 min), concentrated by
centrifugation (150 g, 10 min) and washed once in M199 medium supplemented with
10−7M insulin, 0.1% BSA,10% fetal calf serum and 1% antibiotics. Fibroblasts were seeded
on a non-treated support; when cocultured with cardiomyocytes they were seeded on
10 μg/ml laminin (Sigma) pre-treated dishes. After incubation for 2 h at 37 °C in a
humidiﬁed, 5% CO2-enriched atmosphere for plating, the medium was changed to a
similar medium. This medium was replaced with fresh medium every 2 days for up to
12 days. For culture of CFs with CMs, CMs were ﬁrstly maintained in primary culture for
2 days similarly than for CFs before addition of freshly isolated CFs.
2.2. Immunoﬂuorescence staining
Cell culture composition was evaluated by immunolabeling experiments. An anti-
vimentin mouse monoclonal antibody (Abcam) was used to identify ﬁbroblasts and
vascular endothelial cells and an anti-CD-31 rat monoclonal antibody (BD Biosciences)
was used to label speciﬁcally vascular endothelial cells. An anti-ﬁbronectin rabbit
polyclonal antibody (Santa-Cruz) was used to characterize ﬁbroblasts, and an anti-alpha
smooth muscle actin monoclonal mouse antibody (Dako) was used to characterize
smooth muscle cells. Secondary antibodies were Fluor 555 donkey anti-mouse IgG,Alexa Fluor 488 goat anti-rat IgG and Alexa Fluor 488 chicken anti-rabbit IgG from
Molecular Probes (Invitrogen).
Fibroblasts were cultured on non-treated coverslips and grown in DMEM. The cells
were ﬁxed with methanol-acetate for 10 min, permeabilized by a 10 min incubation in
PBS-0.5% Triton X-100 and blocked in PBS-5% BSA. Samples were then incubated with
primary antibodies (diluted 1/100) in PBS-1% BSA 0.1% Triton X-100 overnight at 4 °C.
The cells were then incubated in the same solution for 1 h at room temperaturewith the
appropriate secondary antibody (diluted 1/200) and with TOPRO 3 (diluted 1/1000) to
label cell nuclei. Coverslips were rinsed and mounted using ﬂuorescence mounting
medium (Vectashield, Vector laboratories) on glass microscope slides. Fluorescent
labeling was examined with a laser-scanning confocal unit (BioradMRC 1024) equipped
with a 15 mW argon-krypton gas laser associated to an inverted microscope (Olympus
IX70).
2.3. Reverse transcription and polymerase chain reaction (RT-PCR)
Total cellular RNA was extracted from conﬂuent 12 day cultured CFs using RNABle
reagent (Eurobio, France). For reverse transcription, each sample containing 50 μl total
RNA, 50 mM Tris–HCl, pH 8.3, 75 mM KCl, 0.5 mM MgCl2, 10 mM dithiothreitol, 1 mM
each dNTP, 20 U RNAse inhibitor, 100 pM Random Primer p(dN)6 (Invitrogen), and
200 U reverse transcriptase and a ﬁnal volume of 125 μl was incubated at 37 °C for 1 h.
For PCR each sample containing 50 pmol upstream and downstream primers listed in
Table 1, 200 nM dNTP, 50 mM KCl, 10 mM Tris–HCl, pH 8.3, 10 mM MgCl2, 1.25 U Taq
DNA polymerase (Invitrogen) in a ﬁnal volume of 25 μl was ampliﬁed for 35 cycles. The
ampliﬁcation proﬁle involved denaturation at 94 °C for 30 s, primer annealing for 30 s,
and primer extension at 72 °C for 30 s. After the last cycle, samples were incubated at
72 °C for 10 min to extend incomplete products. The PCR product was analyzed on 1%
agarose gel. All of the RNA samples were tested for DNA contamination. Blank reactions
were also performed without RNA.
2.4. Immunoprecipitation and western blot analysis
Conﬂuent CFs in primary culture on 100 mm dish were washed with PBS and lysed
by incubating 30 min on ice with 1 ml of lysis buffer (50 mM Tris–HCl, 150 mM NaCl,
5 mM EDTA, 0.05% Igepal, 1% deoxycholic acid, 1% Triton X-100, 0.1% SDS) containing
protease inhibitors (Protease Inhibitor Cocktail and 2 mM PMSF, Sigma) and
phosphatase inhibitors (2 mM sodium orthovanadate). Solubilized proteins were
centrifuged (1000 g, 5 min, 4 °C) and supernatants were incubated overnight at 4 °C
with 7 μg of polyclonal rabbit anti-connexin40 antibody (Zymed), or with 2 μg of
monoclonal mouse anti-connexin43 antibody (BD Transduction Laboratories). To
precipitate immune complexes, incubation with 3 μg of protein G or protein A-
sepharose (Amersham Biosciences) was conducted for 1 h at 4 °C. Bead-bound
complexes were washed three times with cold lysis buffer and denatured in 2∼ sample
buffer (62.5 mM Tris–HCl, 2.3% SDS, 15% glycerol, 0.1% bromophenol blue, 5% β-
mercaptoethanol) for 3 min at 95 °C. Samples were separated on SDS-PAGE (12.5%
polyacrylamide gel) and transferred to nitrocellulose membrane. The membrane was
blockedwith TBS (20mM Tris,150mMNaCl, pH 7.6) containing 0.1% Tween and 3% BSA.
The membrane was incubated with primary antibody overnight at 4 °C (anti-Cx40
antibody 1/125 or anti-Cx43 antibody 1/1000). Membranes werewashed and incubated
for 1 h at room temperature with anti-mouse (1/3000, Jackson Immunoresearch) or
anti-rabbit (1/2000, Cell Signaling) horseradish peroxidase-conjugated secondary
antibodies. Bound antibodies were detected using enhanced luminol and oxidizing
reagents as speciﬁed by the manufacturer (ECL, Amersham Biosciences).
Alkaline membrane preparations were prepared by scraping the cells into speciﬁc
lysis buffer (10 mM Tris, pH 7.5, 10 mM iodoacetamide, 10 mM tetrasodium
pyrophosphate,10mM EDTA, 2mM sodium orthovanadate, 2mMPMSF) supplemented
with Protease Inhibitor Cocktail [22]. The cell suspensionwas thenmade alkaline by the
addition of 0.7 ml of 40mMNaOH and put on ice. The suspensionwas sonicated for 30 s
and centrifuged at 2500 g for 1 h at 4 °C. The supernatant was removed, and the pellet
was washed with lysis buffer and resuspended with brief sonication. Samples were
separated on SDS-PAGE as described previously.
Fig. 1. Immuno-staining of vimentin, CD-31, ﬁbronectin and alpha-smooth muscle actin
(SMA) on ventricular ﬁbroblast cultures. A. Cell cultures were stained after 12 days of
culture with vimentin (red) and CD-31 (green) antibodies. Note that all cells express
vimentin whereas none of them showed CD-31 labelling. B. Cells were stained after
5 days of culturewith anti-ﬁbronectin (green) and anti-alpha SMA (red) antibodies. Note
that only ﬁbronectin and not SMA was detected.
Fig. 2. Analysis by RT-PCR of connexin gene transcripts in total RNA extracted from
conﬂuent CFs in primary culture. The cDNAs generated by RT were ampliﬁed using
primer unique for Cx40, Cx43, Cx45 indicated in Table 1. When detected, amplicons
corresponded to the expected size compared to positive controls: whole heart (WH)
tissue for Cx43 and Cx45 and lung for Cx40.
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2.5.1. Gap-FRAP method
The degree of intercellular communication among neighboring cells in culture was
determined by measuring the cell-to-cell diffusion of a ﬂuorescent dye [30] with a
confocal laser-scanning microscope (FV 1000; Olympus). After washing, CFs were
loaded for 10 min at room temperature in Tyrode solution containing the membrane-
permeant molecule 6-carboxyﬂuorescein diacetate (7 μg/ml in 0.25% dimethylsulph-
oxide, Sigma). This lipophilic compound is hydrolysed by cytoplasmic esterases to 6-
carboxyﬂuorescein, a hydrophilic derivative that accumulates inside the cells. After
washing of the excess extracellular ﬂuorogenic ester to avoid further loading, the
ﬂuorescence of one selected cell adjacent to other cells was photobleached by applying
strong light pulses from a diode at 405 nm. The ﬂuorescence intensity was recorded
(λex=488 nm, λem=519 nm) in the bleached cells before and after photobleaching. In
each experiment, an isolated unbleached cell served as control to monitor the
spontaneous decay of background ﬂuorescence and to detect any increase in
ﬂuorescence that would indicate the presence of uncleaved dye. When the bleached
cell was interconnected to unbleached contiguous cells, a ﬂuorescence recoveryfollowing a slow exponential time course was measured [31,32]. Therefore, the relative
permeability constant (k) of the exponential ﬂuorescence recovery (the inverse value of
the time constant) can be obtained from the equation: (Fi–Ft) / (Fi–Fo)=e–kt, where Fi, Fo
and Ft are the integrated ﬂuorescence intensities in the bleached cells before
photobleaching, immediately after and at time t after photobleaching, respectively.
The relative permeability constant was expressed as the mean±standard error of
the mean (SEM). Differences between the means were compared by two-tailed paired
student's t-tests and a value of Pb0.05 was considered statistically signiﬁcant.
It should be noted that gap-FRAP method is used at a culture stage when cells are
just conﬂuent to bleach only the selected cell without affecting basal ﬂuorescence in
neighboring cells.
2.5.2. Scrape-loading method
Scrape loading was used to introduce in non-terminally damaged cells Lucifer
Yellow (LY) a small molecule (457 Da) which is able to spread to neighboring cells via
gap junctions [33,34]. This technique allows verifying functional communications
between cells even when they form a tight network monolayer. Rhodamine that is too
large (10 kDa) to pass through gap junctions and then remains trapped in primary
loaded cells was used as control in mixture with LY to mark scrape-loading cells.
Adapted from experimental protocol by Giaume et al. [35], ﬁbroblasts in primary
culture were washed with Ca2 and Mg2-free PBS. Several razor cuts were made in cells
covered by PBS containing LY (0.1%, Fluka) and rhodamine dextran (0.1%, Sigma). The
dye solution was removed 1 min later and cells were washed several times with Tyrode
solution. Cells were observed with an MRC 1024 Bio-Rad confocal microscope (with
λex=488 nm and λem=522 nm for LY; λex=568 nm and λem=605 nm for rhodamine
dextran). In all experiments junctional permeability was estimated 8min after scraping.
3. Results
3.1. Cell type characterization
Cell isolation procedure that was used to prepare our primary cell
culture was optimized to isolate cardiac ventricular ﬁbroblasts.
Whereas it can easily be claimed that no typically striated and rod-
shaped cardiac ventricular myocytes was observed within the culture,
it cannot be excluded that endothelial cells and/or smoothmuscle cells
were present. In order to investigate non-ﬁbroblast cell contamination
in our experimental conditions, we performed immunolabeling
experiments (Fig. 1). Vimentin is known to be expressed in ﬁbroblasts
and endothelial cells, whereas CD-31 expression is speciﬁc for
endothelial cells. Fig. 1A shows that all cells present in the culture
were labeled with vimentin. However, none of them elicited CD-31
labeling, suggesting that endothelial cells were not present in our
Fig. 3. Expression of Cx40 and Cx43 in cultured mouse CFs. A. Representative western
blots obtained with monoclonal mouse anti-Cx43 antibody on whole cell immunopre-
cipitation (CF, lane 1) and cell membrane (CF Mb, lane 4) lysates and compared to a
positive control (+, lane 3) obtained from an immunoprecipitation of whole heart (WH)
protein lysate. A negative control (lane 2)was performed from immunoprecipitationwith
mouse IgG. In lane 1, Cx43 is detected in the form of two polypeptides probably
representing different phosphorylation state [21]. B. Representative western blots
obtained with a polyclonal rabbit anti-Cx40 antibody on whole CF (CF, lane 1) and
puriﬁed CFmembrane (CFMb, lane 4), respectively and compared to a positive control for
Cx40 obtained from immunoprecipitation realizedwith lung protein lysate (+, lane 3). The
negative control (lane 2) was performed from immunoprecipitation with rabbit IgG.
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the culture was investigated by detecting alpha-smooth muscle actin
which is expressed in muscular cells. After 5 days of culture, Fig. 1BFig. 4. Analysis of CF gap junctional communications by the Gap-FRAP method. A. Typical ima
pre-bleach scan showing the ﬂuorescence image of a group of 3 cells (left panel), the ﬂuore
Right panel shows the recovery of ﬂuorescence in the selected cell 7 min after photobleachi
that at that time, ﬂuorescence in the lower cell was not changed compared to pre-bleached sc
cell in A. After the strong spontaneous ﬂuorescence decrease by photobleaching, the ﬂuoresc
gap junctional channels. An isolated unbleached cell (control cell; not shown in A) served ashows that none of the cells expressed SMA, indicating that they were
not muscular cells. In conclusion, all immunolabeling experiments
indicate that the cells which are present in our cultures are actually
ﬁbroblasts, but neither endothelial nor muscular cells.
3.2. Detection of Cx40 and Cx43 transcripts by RT-PCR in cultured
cardiac ﬁbroblasts
The cDNAs generated by RT were ampliﬁed by PCR using primer
pairs unique for the three connexin genes, Cx40, Cx43 and Cx45
(Table 1) and the resulting amplicons were analyzed by electrophor-
esis (lane 1). Results in Fig. 2 show that amplicons generated from CF
cDNAwere of the predicted size for Cx40 (543 bp) and Cx43 (172 bp).
However, amplicons for Cx45 (915 bp) were not generated. These
results clearly indicate that Cx40 and Cx43, but not Cx45, gene
transcripts were present in ventricular ﬁbroblasts from adult mouse
heart. The next step was then aimed at investigating the expression of
the corresponding proteins.
3.3. Expression of Cx40 and Cx43 in cultured CFs
Immunoblot analysis was ﬁrstly performed using a monoclonal
antibody against epitopes of mouse Cx43. Results in Fig. 3A show that
when compared to the positive control obtained with whole heart
protein lysate (lane 3), Cx43 protein was expressed in total CF lysate
(CF, lane 1) as well as in puriﬁed CF membrane (CF Mb, lane 4). It
should be noted that in lane 1, two bands are present in total CF lysate
with a more pronounced upper band corresponding to theges of ﬂuorescence distribution in CFs measured during a gap-FRAP experiment. After a
scent dye was photobleached in the central selected cell (arrow head in middle panel).
ng while ﬂuorescence in the neighboring upper cell was comparatively decreased. Note
an. Scale bars=30 μm. B. Corresponding curve of ﬂuorescence time course in the selected
ence recovery follows a closely exponential time course, reﬂecting the presence of open
s a control for the spontaneous fading of ﬂuorescent emission.
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lysate on lane 4. This suggested that Cx43 protein was present in CFs
mainly under its active phosphorylated form. Western blots analysis
of total cell (CF, lane 1) and puriﬁed membrane (CF Mb, lane 4) lysates
with a rabbit polyclonal antibody against Cx40 shows in Fig. 3B a
sustained band at the expected molecular mass of 40 kDa as observed
in the positive control realized with lung protein lysate (lane 3). These
results conﬁrm that both Cx40 and Cx43 were simultaneously
expressed in cardiac ﬁbroblasts and present at the membrane level.
3.4. Functional analysis of gap junctional communications between
cultured CFs
To show the functionality of intercellular channels formed by these
connexins, we haveﬁrstly used the gap-FRAPmethod. Fig. 4A illustrates
the ﬂuorescence level of the dye into the cells before (left panel), justFig. 5. Evidence for CF interconnected network by scrape-loading method. A. Analysis of ﬂuo
ﬂuorescence (green color, left panel), 8min after its introduction at the top razor cut level, sho
transmission image on right panel reveals the presence of a CF network. Scale bar=50 μm
conﬂuent. When CFs constitute a dense cell network as shown through the transmission imag
hundred of μm, suggesting that most of the CFs are interconnected. Rhodamine-dextran (
remained trapped at the razor cut level. Scale bar=100 μm. C. Effect of Heptanol on LY diffu
interconnected CFs in control conditions (a — control) was completely abolished after appliafter (middle panel) and 7 min after photobleaching the target cell
indicated by arrow head (right panel). From this right panel it is clearly
observed that the ﬂuorescence recovery in the target cell was accom-
panied by a simultaneous decrease of the ﬂuorescence level into the
neighboring upper cell, while the ﬂuorescence level in the lower cell
was similar to its initial control ﬂuorescence before photobleaching.
This suggests that the dyewas able to diffuse between upper and target
cells indicating that they were functionally communicating. On the
contrary, the dyewasnot able tomove from the lowerﬂuorescent cell to
the target bleached cell indicating that these two cells were not inter-
connected, or that their gap junctional communications were not
functional. Fig. 4B shows that the ﬂuorescence recovery curve in the
target bleached cell follows a slow exponential time course reﬂecting
the presence of open gap junctional channels. Simultaneous recording
of the ﬂuorescence in an unbleached control cell (Upper line in Fig. 4B)
allows verifying that theﬂuorescence level of the dye innon-stimulatedrescence spreading of Lucifer Yellow (LY) in just conﬂuent CFs. The confocal image of LY
ws that at this stage, the dye has diffused in only the upper CFs, while the corresponding
. B. Evidence for functionally interconnected CF network when they are completely
e in right panel, confocal image on left panel shows that LY dye has diffused over several
red) used as a negative control was too large to pass through gap junctions and was
sion through CF gap junctions. Confocal images showing that diffusion of LY dye over
cation of 3 mM heptanol for 1 min (b — +Heptanol). Scale bar=100 μm.
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a possible autorecovery of the dye. In these conditions, kinetic analysis
of the ﬂuorescence recovery by means of the equation described in
methods showed that in our culture conditions, 10.8% of CFs were
communicating with a mean time constant of permeability k=0.066±
0.005 min−1 (n=65).
This result clearly shows that neighboring CFs were able to
communicate through functional gap junctions formed by connexins
as soon as they were just conﬂuent. This was conﬁrmed by using the
scrape-loading technique to visualize the diffusion of Lucifer Yellow
(LY) as a ﬂuorescent dye permeable through gap junctions. Fig. 5A
shows on left panel that LY injected at the upper razor cut level has
diffused in only 2 adjacent CFs of the expanded CFs network reveals by
the corresponding transmission image on right panel. On the contrary,
when the cells were completely conﬂuent and formed a homogeneous
layer as shown in Fig. 5B, right panel, the ﬂuorescence image in the left
panel shows that LY (green color) introduced in non-terminally
damaged CFs at the upper razor cut level spread over most of the CFs
constituting the layer. The simultaneous application of rhodamin
dextran (red color) shows that this too large molecule to pass through
gap junctions remained trapped at the razor cut level. This reveals that
the majority of CFs were coupled forming an interconnecting cell
network where the cells were able to communicate over a distance of
several hundreds of μm (about 1 mm in Fig. 5B). This distance is
consistent with electrical impulse propagation as demonstrated by
Gaudesius et al. [27]. In addition, Fig. 5C shows that the dye
ﬂuorescence propagation through cultured CFs in control conditions
(Fig. 5C,a) was completely blocked by application of heptanol (3 mM),
a generally known gap junction uncoupler (Fig. 5C,b). This conﬁrms
that in our experimental conditions, ﬂuorescence diffusion was
supported through functional gap junctions.
In a very preliminary study, in conditions of coculture of CFs with
CMs, the relative time constant of permeability between CFsmeasured
with the gap-FRAP method was signiﬁcantly increased by more than
100% with k=0.146±0.028 min−1 (n=108). But the number of
communicating CFs was not signiﬁcantly changed (10.2% in CF/CM
coculture versus 10.8% in CF culture). From these preliminary results,
it should be interesting to investigate further the role of CMs in CF
communication to determine the factors involved and to study
possible establishment of functional communications between CFs
and CMs.
4. Discussion
The present results show that connexins 40 and 43 were expressed
in adult mouse cardiac ﬁbroblasts and they were able to form
functional gap junctions. These results were obtained in optimized
ﬁbroblast cell cultures which were not contaminated by endothelial
and/or smooth muscle cells as controlled by immunolabeling studies.
In our experimental conditions, Cx45 gene products were not
detected. While Gaudesius et al. [27] have shown by immunostaining,
that Cx45was expressed both at homocellular CF junctions and CF/CM
junctions in coculture of neonatal rat ventricular CFs and CMs, it has
also been reported that Cx45 mRNA was weakly detected in
embryonic and adult hearts, including mouse heart [22] and its
expression down regulated during development [23]. In adult rat
ventricular CMs, Cx45 was detected only in about 10% of the cells [36].
In addition, Cx45 expressionwas shownpreferentially associated with
the ventricular conduction system inmouse and rat heart [22] and in a
model of sheep ventricular infarction, CF-related Cx45 increased
during the ﬁrst week post-infarction and then declined [29].
Interestingly, these authors have also found that Cx43 and Cx45 did
not co-localize and concluded that two ﬁbroblast phenotypes
expressing either Cx43 or Cx45 occur within infarct. These ﬁndings
could then explained the absence of Cx45 gene products in adult
mouse ventricular CFs in our culture conditions. However, the absenceof detectable Cx45 transcript in mouse cultured CFs could only be
related to animal species.
Expression of Cx43 in cultured CFs conﬁrms that it was a connexin
constituting gap junction channels in these cells as in other cardiac
cells or in several other cells types, human myometrial cells [37] and
trophoblasts [31], mouse neural crest cells [38] or epithelial cells of pig
thyroid [39]. Importance of Cx43 was also revealed through a number
of studies that have shown its interactions with other connexins and
auxiliary proteins to regulate formation, localization and activity of
gap junction channels ([40], for review).
Moreover, our results clearly show the presence of Cx40 in CFs
(Fig. 3B). If Cx40 was generally found in mammalian heart, its expres-
sion levelwas shown to beweak in adult ventricular CMs (about 20% of
cells in adult rat; [36]), more localized in the conduction system [41]
and distributed as a function of developmental change [24]. Con-
nexin40 was also shown simultaneously expressed with Cx43, with a
distribution pattern comparable between species and a co-regulation
of their expression level during development [42]. While Cx43 and
Cx45 arewell known as phosphorylated proteins and that one ormore
phosphorylated isoforms of Cx43 and Cx45 can be evidenced from
western blots, only a discrete bandmigrating at 41 kDawas observed in
cultured but not in freshly dissociated adult rat ventricular CMs
suggesting the presence of a phosphorylated isoform of Cx40 [36]. In
addition, these authors have shown that phosphorylation of Cx40 was
down regulated during the transition from the neonatal to the adult
stage. This could explain that in our experimental conditions, immuno-
blots revealed only a single clear band of 40 kDa corresponding to the
non-phosphorylated Cx40 protein.
Our study also shows that CF pairs in culture are able to
communicate. Application of heptanol (Fig. 5C) as a classical gap
junction uncoupler has allowed verifying that dye CF–CF diffusionwas
mainly assumed through gap junction channels and not by possible
cytoplasmic bridges between proliferating CFs or through non-
junctional hemichannels. So, the functional analysis by the gap-
FRAP method has shown that the number of coupled cells was
constant (about 10%) in our experimental conditions, at a culture stage
when CFs were just conﬂuent. Altough these results are very
preliminary, this percentage seems similar with or without the
presence of CMs in the culture. However the relative time constant
of permeability estimated for homo-cellular CF communications was
signiﬁcantly increased in coculture with CMs. So, if the present results
clearly show that CFs in culturewere able to be functionally coupled as
soon as they were in contact, they also suggest that the stage and
conditions of culture were important parameters for establishment
and efﬁciency of cell communications. At the stage of culture when
CFs were completely conﬂuent and constitute a tight cell network, the
diffusion of LY (Fig. 5B) clearly conﬁrmed that a majority of CFs was
functionally coupled. However, in these conditions an accurate
quantiﬁcation of functional communications was difﬁcult.
The co-expression of Cx40 and Cx43 and particularly their
overlapping (in left ventricle) and complementary (in right ventricle)
expression pattern reported during mouse heart development [21]
suggested that both could form junctional communications. This
hypothesis was supported by double immunostaining experiments
which revealed their co-localization at the intercaled disc-regions of
rat CMs [36] and by their transfection in HeLa and RIN cells which
showed that they were able to form functional heterotypic gap
junction channels [18]. Data on transfected cells expressing Cx40 and
Cx43 have shown that properties of gap junction channels formed by
these two connexins depended on their pore size as well as their
charge selectivity [43]. These authors have found that homotypic Cx43
gap junction channels were about 5 more permeable to LY than
homotypic Cx40 channels while its averaged unitary conductance
(55 pS) was less than the half of that calculated for Cx40 channels
(125 pS). In addition their data indicated that channels between
heterotypic (Cx40–Cx43) cell pairs and between coexpressing cell
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expression of connexins generated an intermediate permeability
between those of respective homotypic Cx40 and Cx43 channels.
Electrophysiological studies on neonatal [44] or adult rat ventricular
cells in culture [36] have also suggested the formation of both
homotypic and heterotypic channels with Cx40 and Cx43, with
intermediary conductance values for heterotypic channels. However,
original studies performed in Xenopus oocytes and HeLa cells
expressing Cx40 and Cx43 [44,45] have demonstrated that these
two connexins are not compatible to form heterotypic junctions. This
was conﬁrmed in recent studies [46,47] that conclude that Cx40 and
Cx43 hemichannels are unable or effectively impaired to dock and/or
to cluster into gap junction plaques. So, these authors had previously
suggested that in cardiomyocytes where both connexins are
expressed, such as in atria, the excitation transfer occurs through
homotypic Cx40 and Cx43 gap junction channels [25]. However, it is
difﬁcult in our experimental conditions to establish whether hetero-
typic junction channels may be functional.
In conclusion, our study clearly shows that adult mouse cardiac
ﬁbroblasts expressed both Cx40 and Cx43 that were able to establish
functional communications to form a coupled network. Efﬁciency of
these communications is of the higher importance regarding
biochemical and electromechanical signaling pathways involved in
proliferation, growth and function of CFs. So, a better knowledge of
these gap junction communications remains a challenge to specify the
role of CFs in cardiac function as well to improve their implication in
cardiovascular diseases.
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